A detailed device model that has been verified by comparisons with experimental measurements on unirradiated, state-of-theart bipolar devices has been modified to include the effects of neutron radiation on carrier lifetimes, concentrations, and mobilities. Numerical experiments on the degradation due to neutron fluences in the dc common emitter gains for bipolar transistors with submicrometer emitter and base widths are given and compared in general terms with the few published measurements.
I. Introduction
This paper demonstrates that it is feasible to include the degradations due to neutron irradiation in detailed device models of the electrical performance of submicrometer bipolar transistors. It also contains numerical simulations of the degradation in dc common emitter gains for VLSI bipolar transistors. These simulations include variations of gain versus collector current with neutron fluence, with empirical and first-principles device physics, and with base Gummel number. The simulations for unirradiated devices have been verified by comparisons with measurements of the current-voltage characteristics and of the dc common emitter gain. The simulations for the irradiated devices have not been verified because consistent sets of data on devices and their associated test structures for doping profile and geometric configurations are not available.
The semiconductor industry depends on numerical simulations of device characteristics to identify trade-offs between the physical structure of a device and its performance. These simulations contain parameters that describe the effects of several physical mechanisms, such as the effects of high concentrations of dopant ions and carriers on carrier transport. In addition, neutron-induced changes in the electrical properties greatly affect the performance of submicrometer bipolar silicon devices. For neutron fluences between 108(n/cm2) and 1015(n/cCn2), these changes decrease carrier lifetimes, concentrations, and mobilities by as much as 
II. Approach
In this paper, the improved device physics (IDP) based on the first-principles approach for high concentration effects' and the measured effects of neutron exposure on carrier lifetimes, concentrations, and mobilities' 2 are combined in a modified version of a detailed device model that has the acronym SEDAN.4 Figure 1 shows the stable degradations in minority carrier lifetimes, majority carrier concentrations, and majority carrier mobilities for n-type, bulk silicon with a resistivity of 2 Q-cm. If the temperature is 300 K and the dopant ion is phosphorus, then this resistivity corresponds to an impurity concentration of about 2 xlO5cm-3. These curves have been digitized and included in SEDAN. Interpolation procedures for look-up tables also were added.
These curves for stable degradation due to neutron irradiation are strictly valid only for the concentration given. But, because degradation data do not exist for the highest concentrations in submicrometer bipolar devices, they are used here by necessity in the following numerical simulations for all concentrations greater than 2 x105cm-3 in both n-type and p-type silicon. Figures 36, 37 , and 40 of reference 1 suggest that since the degradation coefficients vary only slightly with resistivities below 2 Ql-cm, using the degradation curves in Figure 1 for modeling submicrometer devices may be acceptable. In addition to the above dependences on material type, resistivity, temperature, impurity species, and concentration, stable damage depends also on injection level or bias conditions. Again, the data in Figure 38 of reference 1 suggest that neglecting the dependence on injection level is acceptable for the heavily doped regions of submicrometer bipolar transistors.
In conventional or empirical device physics (CDP), the parameters to describe high concentration effects are determined by interpretations of electrical measurements on the devices being modeled or on similar devices. Ambiguous results may occur when extracting such parameters from electrical measurements on devices. Such extractions for model parameters usually are based on a lower level device model and hence become dependent on the lower level device model itself. Empirical procedures give acceptable predictions for the effects of small variations in processing and in device geometry and dimensions. However, models built in this way may not lead to a fundamental understanding of the physical mechanisms responsible for the performance of the device. Figure 2 contains the above two changes in the SIMS data and gives the net doping density profile used in the detailed model.
The verification of the improved device physics for the unirradiated device is shown in Figure 3 . Figure 4 is that the peak in the gain shifts only slightly with neutron fluence in reference 6, whereas it shifts substantially in the predictions from one-dimensional detailed device models. Not enough data exist to determine whether this difference is physically correct for the two devices in reference 6 and the one device in this paper. Two possible explanations for this difference exist. First, the designs of devices in reference 6 may decrease the shift relative to the design of the device considered here. Second, one-dimensional models such as SEDAN do not consider the effective resistance in the base between the base contact and the active region under consideration, i.e., extrinsic base resistance. Modeling the latter requires two-or three-dimensional profiles, mask layouts, and sheet resistances of the bases. These are not available. Figure 5 compares the predictions given by CDP and IDP at two neutron fluences. The pre-irradiation lifetime for CDP is given in parentheses and that for IDP is 0.1 ps. Observe that CDP suggests a much larger shift with neutron fluence in the value of the collector current at which the gain has a maximum value. Figures 6 and 7 give an example of a sensitivity analysis on base Gummel number for the unirradiated device and show that input parameters, such as base widths and doping density profiles, must be accurate if detailed device models are to be useful for engineering purposes. In Figure 6 , the SIMS Figure 7 shows that a 6% change in diffusion length leads to a factor of more than 2 change in the gain. The foregoing sensitivity analysis shows that the diffusion length and thereby the base Gummel number are key parameters to control in fabricating thousands of devices with the same gain characteristics.
IV. Conclusions
The above discussion shows that it is possible to include neutron effects in detailed device models and that the effects of modifications in physical structure on device performance when exposed to neutrons may be explored by using numerical simulations based on detailed device models. The experimental verification, which is analogous to that shown in Figure 3 
